Inflammation is an essential immune response that seeks to contain microbial infection and repair damaged tissue. Increased pro-inflammatory mediators have been associated with enhanced resistance to a range of important poultry and pig pathogens. However, inflammation may also have undesirable consequences, including potentially exacerbating tissue damage and diverting nutrients away from productive purposes. The negative effects of inflammation have led to the active pursuit of anti-inflammatory feed additives and/or strategies. These approaches may, however, impair the ability of an animal to respond appropriately and effectively to the array of pathogens that are likely to be encountered in commercial production, and specifically young animals who may be particularly reliant on innate immune responses. Thus, promoting an animal's capacity to mount a rapid, acute inflammatory response to control and contain the infection and the timely transition to anti-inflammatory, tissue repair processes, and a homeostatic state are suggested as the optimum scenario to maintain an animal's resistance to pathogens and minimize nonproductive nutrient losses. Important future studies will help to unravel the trade-offs, and relevant metabolic pathways, between robust immune defense and optimum productive performance, and thus provide real insight into methods to appropriately influence this relationship.
INTRODUCTION
Inflammation is a rapid and coordinated response to microbial infection and tissue injury. These stimuli lead to the migration of immune cells to the site of infection and/or injury. For many, inflammation is regarded as an unwanted response, particularly as it can lead to serious consequences, such as immune dysfunction, further tissue damage, sepsis, organ failure, or even death (Barton, 2008) . However, inflammation is a critical innate immune process that seeks to contain an infection, activate adaptive immunity, repair damaged tissue, and return to a homeostatic state (Barton, 2008) . Rapid, targeted, effective and quick resolution are the hallmarks of a desired inflammatory response.
INFLAMMATORY PROCESS
Inflammation is initiated by innate immune cells residing in the affected tissue(s). Innate cells such as dendritic, macrophages, and heterophils/neutrophils, including epithelial cells, express pattern recognition C 2017 Poultry Science Association Inc. Received June 5, 2017. Accepted September 25, 2017. 1 Corresponding author: guthealthconsultancy@gmail.com receptors (PRRs) that recognize highly conserved microbial molecular signatures referred to as microbeassociated molecular patterns (MAMPs) (Janeway and Medzhitov, 2002) or host-derived molecules (e.g., uric acid, ATP, DNA fragments, and mitochondrial contents), indicative of cell damage, known as damageassociated molecular patterns (DAMPs) (Garg et al., 2010; Krysko et al., 2011) . MAMPs are vital components of many microbes, but not host cells, and thus provide the host with an efficient, "non-self" means of detecting invading pathogens. PRRs include transmembrane (toll-like receptors; TLRs) and intracellular proteins (e.g., nucleotide-binding oligomerization domain (NOD)-like receptors; NLRs). Various TLRs have been identified and each recognize specific MAMPs. For example, TLR2 recognizes peptidoglycan and lipoteichoic acid, TLR3 recognizes double-stranded RNA, TLR4 recognizes lipopolysaccharide, TLR5 recognizes flagellin and TLR9 recognizes CpG rich microbial DNA sequences. Recognition of MAMPs (or DAMPs) by their respective TLR initiates signaling pathways, such as the nuclear factor kappa beta (NF-kB) and the mitogen-activated protein kinase (MAPK) cascades, which result in the expression of pro-inflammatory mediators, anti-apoptotic factors, antimicrobial peptides and a protective response to the infecting microbe 510 (Carpenter and O'Neill, 2007; Lee and Kim, 2007; Takeuchi and Akira, 2010) . Similarly, NLRs detect components of microbes that have entered host cells. For example, NOD1 and NOD2 recognize constituents of gram-negative bacteria (meso-DAP) and/or grampositive bacteria (muramyl dipeptide), respectively. NLR-ligand binding again initiates NF-kB and expression of pro-inflammatory mediators. These inflammatory mediators help to initiate an acute phase protein (APP) (e.g., serum amyloid A, α1-acid glycoprotein, etc.) response by the liver, with the APPs involved in many crucial metabolic and immune pathways (O'Reilly and Eckersall, 2014) .
The recognition and metabolic systems of innate immune cells have coevolved and share the same signal transduction pathways (Assmann & Finlay, 2016) . Meta-inflammation, or chronic low-grade inflammation, can result from an overload of dietary nutrients and/or metabolites that act as DAMPs and trigger inflammatory pathways via PRRs (Assmann & Finlay, 2016; Land, 2015; Lackey & Olefsky, 2016) . PRRs, such as TLR4, sense and are activated by different metabolite DAMPs, including free fatty acids, carbohydrates, and lipids (Gregor & Hotsamisligil, 2011) . Continuous activation of these PRRs through excessive nutrient intake leads to the production of pro-inflammatory cytokines, such as IL-1β and IL-6, which maintain the low-grade inflammatory response. The continual push for increased productivity in modern animal production can influence gut homeostasis and, along with a persistent nutrient excess (fatty acids and carbohydrates), lead to chronic inflammation and immune dysfunction, with characteristics very similar to human metabolic diseases (Kogut, 2017) .
ROLE OF INFLAMMATION IN FARMED ANIMALS FOR DISEASE RESISTANCE
It is evident that the inflammatory process is a potentially life-saving response to microbial challenge, which ultimately seeks to prevent tissue and host damage. Commercial production systems expose farmed animals to an array of potential pathogens that necessitate a robust immune system. Recent studies have reported that selecting lines of chickens for greater pro-inflammatory mediator (IL-1β, IL-6, CXCLi2 and CCLi2) expression by peripheral blood heterophils improves resistance to Salmonella enterica serovar Enteritidis (Swaggerty et al., 2014) , Eimeria tenella (Swaggerty et al., 2015) , and Clostridium perfringens-induced necrotic enteritis (Swaggerty et al., 2016) . Likewise, peripheral blood macrophages derived from birds resistant to systemic Salmonella infection produced more rapid pro-inflammatory cytokine responses, with greater magnitude, and cleared intracellular Salmonella more efficiently than those from susceptible line birds (Wigley, 2017) . While, based on both reduced body weight (BW) loss and intestinal lesion scores, one commercial breed line of broiler chickens was reported to be less susceptible to an E. maxima and C. perfringens co-infection than another breed line (Jang et al., 2013) , which was associated with higher intestinal (IL-17F) and spleen (IL-1β, IL-6, and IL-17F) pro-inflammatory cytokine expression by the less susceptible breed line (Hong et al., 2012) . IL-10 is an anti-inflammatory mediator recognized as a key player in T helper bias during Eimeria spp. infection and in preventing a strong IFN-γ response, which has been reported to be necessary for controlling such infections (Rothwell et al., 2004) . Sand et al. (2016) demonstrated that an oral antibody to chicken IL-10 prevented a reduction in chick BW following Eimeria spp. challenge. Moreover, the efficacy of mammalian vaccines has been associated with variation in IL-10 production, with anti-IL-10 treatment increasing the magnitude and efficacy of vaccine responses to a range of pathogens (Stober et al., 2005; Darrah et al., 2010; Pitt et al., 2012) , and has led to suggestions that IL-10 could be a target to improve vaccine efficacy (Wu et al., 2016) . Infectious bursal disease virus (IBDV), a common poultry viral pathogen, was more effectively cleared by infected peripheral blood mononuclear cells (PBMCs) from chickens selected for high responses to sheep red blood cells (SRBC) than from a low-responding line, and the differences were associated with greater expression of pro-inflammatory cytokines and lower expression of the anti-inflammatory cytokines IL-10 and TGFβ by the high responders (Jain et al., 2013) .
There have been similar observations reported with pigs. Morgan et al. (2013) compared strains of the economically important porcine reproductive and respiratory syndrome virus (PRRSV) in growing pigs and reported that a strain inducing an enhanced inflammatory response was more effectively cleared from the host's serum than a strain that did not. Similarly, suppressed IL-6, IL-8, and cellular inflammatory response in enterotoxigenic Escherichia coli challenged weaned pigs was associated with increased intestinal injury and clinical disease (McLamb et al., 2013) .
These studies clearly demonstrate the importance of pro-inflammatory mediators in reducing susceptibility to key poultry and pig pathogens. However, as outlined previously, inflammation can have undesirable consequences, such as further tissue damage and diversion of nutrients away from productive purposes, which will be considered in the following section.
NEGATIVE CONSEQUENCES OF INFLAMMATORY RESPONSES IN FARMED ANIMALS
Inflammation is a key component of the acute phase immune response (APIR), which must be supported by available nutrients. Nutrients must be diverted from productive purposes to support the immune response, while inflammatory mediators can suppress appetite, further contributing to reduced nutrient availability for production, and induce catabolism of host tissues.
Lipopolysaccharide (LPS) challenged chickens (1 mg LPS per kg of BW at 14, 16, 18, and 20 d of age) had a 22% reduction in BW gain during the challenge period, with 59% of the loss accounted for by decreased feed intake and the remaining 41% attributed to immune response-related factors (Jiang et al., 2010) . Equalized for feed intake, a vigorous APIR in chickens has been estimated to account for around 10% of nutrient use (Klasing, 2007) . Others have estimated the nutrient cost to be 1.3× maintenance (Webel et al., 1998) or 0.27 g of ideal protein per kg of BW per day (Sandberg et al., 2007) . In addition, the requirement for threonine, which is a prominent amino acid of innate defenses such as acute phase proteins and intestinal mucins (Faure et al., 2007) , has been shown to increase by 2 to 10% for birds raised on "dirty" rather than "clean" litter (Corzo et al., 2007) . However, the specific "cost" to an individual animal of an APIR is likely to be dependent on numerous factors, including the specific pathogen(s), its virulence and the level of exposure, the animal's genotype and immune phenotype, as well as dietary components (Sandberg et al., 2006) . When inflammation occurs, which is beyond that necessary to counter the immediate threat, the consequences can prolong tissue recovery and time to "normal" functioning, and thus further compromise nutrient acquisition and utilization for production.
DESIRED INFLAMMATORY RESPONSES IN FARMED ANIMALS
A limitation of various studies investigating the relationships between inflammatory mediators and pathogen challenge in farmed animals is that the productive performance of the subjects is often not reported. Thus, although pro-inflammatory responses may reduce susceptibility to a diverse array of pathogens, it is frequently not possible to determine whether the nutrient "cost" of this beneficial state outweighs the "cost" of greater susceptibility, particularly with subclinical challenges. With greater challenges (e.g., clinical), it may be predicted that an inherently more resistant population, is, overall, likely to be beneficial in terms of reduced losses from morbidity, mortality, therapeutic treatments, etc., even if lower susceptibility is achieved through a greater nutrient "cost."
The negative consequences of inflammation, concerns about meta-or chronic intestinal inflammation of various aetiology (e.g., immunogenic feed components (Kogut, 2017) ) and suggestions that the primary mechanism for antimicrobial growth promoters (AGP) may be direct anti-inflammatory effects (Niewold, 2007) have led to numerous studies reporting anti-inflammatory "benefits" with AGP alternatives and proposed anti-inflammatory strategies in the wake of AGP removal (e.g., Khadem et al., 2014; Lu et al., 2014; Varmuzova et al., 2015) . It is clear from the preceding section that acute and chronic inflammation require a diversion of nutrients away from production to support the response. Efforts to counteract this nutrient "cost" may focus on minimizing PRR binding and thus the intracellular cascades that lead to the production of pro-inflammatory mediators, and could, for example, include enzymes to hydrolyze immunogenic feed components (e.g., mannans) or modulation of intestinal barrier components, including the microbiota, to limit ligand interaction with the epithelium. Often, however, studies investigating AGP alternatives focus on the expression of inflammation-related genes, with a reduction in pro-inflammatory and/or an increase in anti-inflammatory mediators interpreted as a desirable outcome. A focus purely on (relative) enhancement of anti-inflammatory mediators is clearly not favorable as this has the potential to impair necessary inflammatory responses to pathogens frequently encountered in commercial animal production. Moreover, patterns of immune development and the slower activation of acquired immune responses (several days to weeks) mean that farmed animals, particularly early in life, are dependent on their innate, including inflammatory, responses. These perspectives are supported by hypotheses that, for example, Crohn's disease (a chronic intestinal inflammatory disorder in humans) maybe caused by an impaired acute inflammatory response, which delays clearance of invading microbes and leads to ongoing, low-level inflammation (Coulombe and Dehr, 2009; Smith et al., 2009) . Thus, the capacity to mount a rapid, acute, inflammatory response to control and contain the infection, followed by a timely, IL-10 and TGFβ led, transition to anti-inflammatory, tissue repair processes is clearly the optimum scenario to maintain an animal's resistance to infection from a range of pathogens and minimize non-productive nutrient losses. For some pathogens (e.g., Salmonella in chickens), such a strategy may represent more of an infection tolerant state (i.e., minimized cost to the host and control, but survival, of the pathogen), rather than actual resistance (Kogut and Arsenault, 2017) .
To develop our understanding in this area, future studies need to include multiple, appropriate sampling points, an array of relevant immune markers and techniques, which give the best insight into the functioning and interaction of the immune system, as well as reporting animal growth performance. Focusing on minimal gene expression data from a few, isolated timepoints is unlikely to be very informative due to the functional relevance of expression data and the extremely dynamic nature of the immune system, where inflammation can be triggered in seconds or minutes and a transition to an anti-inflammatory and/or homeostatic state occurring within hours or a few days.
CONCLUSION
Inflammatory processes are vital immune functions, which have been demonstrated to reduce susceptibility to a variety of important poultry and pig pathogens. Conversely, inflammation can lead to unnecessary tissue damage and nutrient diversion from productive purposes. Thus, pursuit of either pro-or anti-inflammatory focused products or strategies, in isolation, is likely to yield undesirable consequences (e.g., increased susceptibility to at least some ubiquitous pathogens). In fact, particularly in younger animals, a reliance on the better developed, more rapid innate immune response could make supporting related processes the sensible approach. Future studies, along with improved analytical techniques, will help to unravel the trade-offs between robust immune defense and optimum productive performance. This will lead to a better understanding of the pathways or processes that we should seek to influence to promote robust and efficient animal production.
